nanostructures for electrocatalytic applications, and a powerful, but simple, combinatorial approach for quick activity screening.
INTRODUCTION
The electrocatalytic oxidation of small organic molecules has attracted considerable interest for applications in different areas of electrochemical science, such as fuel cells 1 and electrochemical-based sensors. 2 Among these the electrochemical oxidation of methanol (MeOH) and ethanol (EtOH) have been active areas of research, especially to aid the development (and understanding) of direct alcohol-based fuel cells. 3 The most widely used catalysts for the alcohol oxidation reaction (AOR) are rather expensive and scarce metals such as platinum 4 and ruthenium. 5 There is thus a need to find alternative, cheaper materials, which perform as well, if not better, in terms of electrocatalytic activity.
Nickel hydroxide (Ni(OH) 2 ) is one such material that exhibits high electrochemical activity and cost effectiveness, and so this electrode has been the focus of considerable attention. [6] [7] [8] [9] [10] A variety of different synthetic routes are available for the production of a wide range of different Ni(OH) 2 morphologies. 7, 11 The electrocatalytic activity of Ni(OH) 2 results from the oxidized form, Ni(OOH), owing to unpaired d electrons or empty d-orbitals [12] [13] [14] which are available to bond with adsorbed species and intermediates.
It is well known that the electrocatalytic activity of materials can be increased significantly when nanostructures, such as nanoparticles (NPs), are employed. [15] [16] Among electrocatalytic supports, carbon nanotubes (CNTs) have been shown to be extremely attractive for metal NPs [17] [18] and metal oxides 19 due to their exceptional intrinsic properties, such as chemical stability 20 and nanoscale dimensions. 21 Moreover, compared to the more traditional support materials, such as carbon black, CNTs have been shown to offer an increased porosity and enhancement of the kinetic rate constant for the electrocatalytic process of interest (for similar metal NP loadings and carbon surface areas). [22] [23] [24] Several approaches have been adopted for depositing metal NPs onto nanotube electrodes, such as sol gel, 25 sonochemistry, 26 and hydrothermal methods. 27 However, these methods can be time-consuming and challenging to use. In contrast, electrochemistry is both rapid and facile, and a good deal of control over the nucleation and growth of metal NPs can be achieved by varying the deposition potential and time. [28] [29] The fabrication of Ni(OH) 2 /CNT composite materials has often involved dispersing CNTs in solution followed by chemical precipitation of Ni(OH) 2 . [30] [31] The typical methods for CNT growth are arc discharge, 32 laser ablation 33 and catalyzed chemical vapor deposition (cCVD).
34
Material produced by the first two methods has mainly been used in electrochemistry, but this contains large amounts of metal NPs and amorphous carbon, making the use of a clean-up procedure after growth mandatory. [35] [36] However, CNTs contain significant amount of metallic impurities, even after extensive purification processes, 37 and these clean-up procedures introduce considerable defects in the single-walled carbon nanotubes (SWNTs). 38 The electrochemical behavior of redox systems can be strongly affected by such impurities and defects, which are particularly problematic for fundamental studies of eletrocatalysis. 39 In contrast, CNTs grown using cCVD method have been shown to exhibit low defect density, 40 high crystallinity and are relatively free of metallic NPs. 41 In principle, Ni(OH) 2 NP deposition can be driven electrochemically using two approaches:
(i) the direct approach [42] [43] [44] [45] [46] where Ni(OH) 2 is precipitated from highly supersaturated solutions by electrochemically generating high concentrations of OH -at the electrode/electrolyte interface, in the presence of Ni 2+ ; and: (ii) the indirect approach, whereby Ni NPs are first electrodeposited by direct reduction of Ni 2+ and subsequently electrochemically converted to Ni(OH) 2 by potential cycling in a basic electrolyte. [47] [48] [49] In this paper we compare the two different procedures for Ni(OH) 2 NP deposition on SWNT electrodes in terms of both the resulting crystalline phase of the Ni(OH) 2 and electrocatalytic performance towards the EtOH oxidation reaction (EOR) and
MeOH oxidation reaction (MOR).
The Ni(OH) 2 /SWNTs are electrochemically interrogated using the microcapillary electrochemical method (MCEM), 28 which allows multiple electrochemical measurements to be made in different locations on the same electrode, thereby allowing a range of key parameters to be changed and investigated, without the need to make new electrodes and with minimal processing of the SWNTs. Although, SWNTs are attracting considerable attention as a support for electrocatalytic materials, 22, [49] [50] in the vast majority of cases, SWNT/NP composites are assessed by immobilizing, or producing, these structures on an electrode (typically glassy carbon) 49, 51-52 which has its own intrinsic electroactivity. In contrast, our approach examines the behavior of the SWNT/NP materials alone and thus circumvents any problems and contributions that may arise from the need to use a further electrode support.
EXPERIMENTAL METHODS

SWNT Network Growth and Electrode Preparation:
High density (HD) SWNT networks were used to provide a relatively large surface area for NP electrodeposition. The HD SWNT networks were grown on 2 cm × 2 cm insulating Si/SiO 2 substrates (IDB Technologies
Ltd., n-type, 525 µm thickness with 300 nm of thermally grown SiO 2 on both sides), using cCVD, with cobalt (Co) 53 NPs as the catalyst and EtOH as a carbon source. 54 A side contact to the SWNT networks (for subsequent electrochemical measurements) was made by evaporating Cr (3 nm)/Au (60 nm) through a shadow mask using a Moorfields MiniLab deposition system (Moorfield Associates). 
Electrodeposition of Ni
This concept is illustrated schematically in Figure 1b . 58 To produce NPs it was necessary to produce a high concentration of OH were used for MOR and EOR, respectively, in 0.1 M KOH. All chemicals were used as received.
Electrochemical measurements were performed using the MCEM, a localized electrochemical technique which has been described in detail previously. 28, 59 The electrochemical cell consisted of a borosilicate glass capillary (1.2 mm outer diameter, 0.69 mm internal diameter, Harvard Apparatus Ltd.), pulled to a sharp tip using a laser pipet puller (P-2000, Sutter Instrument Co.).
The end was polished to reveal an aperture in the range 60 -62 µm (measured using optical microscopy for each capillary) and rendered hydrophobic on the outer walls through immersion in dichlorodimethylsilane (Fisher, ≥99%) for 90 s, with high purity Ar gas flowing through the capillary to prevent any internal silanization. The capillary was filled with the solution of interest and a Ag/AgCl wire as QRCE was inserted. The SWNT-Ni(OH) 2 substrate was connected as the working electrode and the capillary was manually lowered towards the electrode using an x-y-z micropositioner (Newport 433 series), with the aid of a camera (PixeLINK PL-B776U). A quick tap was applied to the micropositioner, once the capillary was close to the sample surface, so that an electrolyte meniscus formed on the SWNT network, without the capillary itself making contact with the electrode surface. Electrochemical measurements were made in a 2-electrode arrangement (due to the small currents, < 120 nA), for which the use of a QRCE gives adequate stability, 60-61 using a potentiostat (CH Instruments, Austin, TX; model 730A). shows that the β phase (inter-sheet (001) distance, cₒ = 4.60 Å) adopts a more close packed (dehydrated) structure compared to the more disordered (cₒ = 7.60 Å) hydrated  phase ( Figure   6a ). [65] [66] [67] For the direct approach, it is likely that the rapid precipitation process in the presence of Ni 2+ and supersaturated concentrations of OH -(generated electrochemically) is responsible for α-phase formation, favoring the formation of disordered α-Ni(OH) 2 (kinetically-driven process).
RESULTS AND DISCUSSION
Ni(OH)
For the indirect approach, as the initial electrodeposited metallic Ni has a face-centered cubic (close packed) structure, 68 electrochemically conversion of Ni NPs to β-Ni(OH) 2 appears to be favored as β-phase Ni(OH) 2 has a similar close-packed structure. Furthermore, the slow process using potential cycling is also likely to favor the formation of the thermodynamically stable β- 
MOR and EOR on Ni(OH) 2 NP Modified SWNT Network Electrodes
CVs were first recorded in the potential range +0.1 V to +0.55 V, on both the  and  phase Ni(OH) 2 modified SWNT electrodes (prepared by the direct and indirect approach, respectively) by cycling in 0.1 M KOH at 5 mV s -1 to estimate the amount of electroactive Ni(OH) 2 , as shown in Figure 7 . For both cases, the charge associated with Q ox (oxidation of Ni(OH) 2 ; shaded area under the anodic peaks in Figure 7 ) is greater than the charge associated with Q red (reduction of NiOOH), with Q ox /Q red values of 1.4 and 2.5 determined for the -phase and -phase Ni(OH) 2 NPs respectively. This is likely to be due to the fact that highly electrocatalytic NiOOH can also oxidize adsorbed OH -, leading to the evolution of O 2 and reduction of NiOOH back to Ni(OH) 2 . This means there are less NiOOH sites available for electrochemical reduction on the return scan. 69 The effect, however, is small, and we showed in our previous work 12 on that the anodic charge correlated well with the particle size and number, assuming volumetric conversion of Ni(OH) 2 .
The amount of electroactive Ni(OH) 2 (Γ /mol cm -2 ) is thus reasonably given by:
where n is the number of electrons (n = 1), F is the Faraday constant and A is the area of the capillary opening. Given Q ox values of 24.5 nC and 7.4 nC for the -phase and -phase Ni(OH) 2 respectively, Γ values of 9 ± 1 nmol cm -2 and 3 ± 1 nmol cm -2 were obtained. Given the slight enhancement of the charge on the forward sweep compared to the reverse sweep, these are maximum values for the amount of electrodeposited Ni(OH) 2 , and hence the specific activity values that follow are minimum values.
For α-Ni(OH) 2 oxidation, the oxidation peak lies 60 mV less positive than that for -Ni(OH) 2 oxidation. Upon oxidation the -Ni(OH) 2 transforms to -NiOOH, 70 the latter has a higher oxidation state (+3.5) 71 and nearly identical cₒ parameter to -Ni(OH) 2 . 72 In contrast, β-Ni(OH) 2 transforms to β-NiOOH (+3 oxidation state), which only slowly transforms to -NiOOH (with a resulting volume change) upon prolonged (repeated) cycling. 11 In order to maintain charge neutrality during redox cycling, it is important that ions/solvent molecules can penetrate the layered Ni(OH) 2 structure ( Figure 6) ; thus, as ion/solvent transfer can occur more freely in the disordered α-Ni(OH) 2 /-NiOOH phase structures than in the corresponding β-phase structures, 73 this could be a likely cause of the observed differences in the CV responses in Figure 7 . 
where i is the current and M Ni(OH)2 is the molar mass of Ni(OH) 2 Figure 8a shows ca. 40 times increase in the peak current density for the EOR, which equates to a specific activity of ~3.7 kA g -1 and ca.
30 times increase in the peak current density for the MOR, which is a specific activity of ~2.8 kA g -1 (Figure 8b ). These values are higher than recent reports using nanostructured catalysts on carbon supports, as shown in Table 1 . The small peak observed on the back scan for both the EOR and MOR, is attributed to the reduction of adsorbed intermediates (carbonaceous species not fully oxidized in the forward scan). Overall, it is apparent that α-Ni(OH) 2 produced by the direct approach exhibits faster kinetics and superior electrocatalytic (oxidizing) properties, compared to β-Ni(OH) 2 produced by the indirect approach. The improved performance of the -phase over the -phase could be due to several factors including: (i) the more disordered structure of -Ni(OH) 2 /-NiOOH which enables more facile ion-solvent intercalation, to maintain charge neutrality during electrocatalysis; 75 (ii) -NiOOH has a higher oxidation state than -NiOOH and, in principle, could act as a more effective electro-oxidation catalyst. [70] [71] [72] This revealed typical NP crystallites of sizes 10 nm and 5 nm for the direct and indirect approaches, respectively. The latter data supported the idea that the larger nanostructured material, as observed by AFM, was produced by the aggregation of smaller NPs.
A key part of our study was to determine the crystallography of individual NPs using SAED in the HR-TEM. It was possible to assign NPs formed by direct deposition to the disordered (hydrated) -phase and those formed via indirect deposition to the ordered (dehydrated) -phase. The different phases formed by these methods can be rationalized because in the direct approach extremely high supersaturations are generated resulted in the immediate precipitation of the kinetically favored α-phase of Ni(OH) 2 . In contrast, the potential cycling approach involves a slow conversion of Ni to Ni(OH) 2 , leading to the more thermodynamically favored β-phase of Ni(OH) 2 .
-Ni(OH) 2 NPs formed via the direct approach, performed remarkably well in terms of the high specific activities for the MOR (~2.8 kA g -1 ) and EOR (~3.7 kA g -1 ), for 0.5 M of alcohol, compared to β-Ni(OH) 2 NPs for the MOR (~0.3 kA g -1 ) and EOR (~0.4 kA g -1 )
respectively. This difference was mainly attributed to the more disordered nature of -Ni(OH) 2 /-NiOOH, compared to -Ni(OH) 2 /-NiOOH, leading to more ready ion-solvent intercalation during electrocatalysis in the former case. Furthermore, -NiOOH has a higher oxidation state than -NiOOH which could make it more effective as a catalyst for electro-oxidation .
Finally, it is important to highlight the MCEM as approach to quickly screen electrocatalysts and that our studies have allowed the study of SWNT-Ni(OH) 2 nanostructured electrodes without any need for an additional support electrode so that the intrinsic activity of this novel composite is investigated without complications from a substrate electrode.
Supporting Information. Section S1. Ni(OH) 2 NPs production via the direct and indirect approach. Section S2. EOR on β-Ni(OH) 2 NPs modified SWNT network electrodes.
